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Both epidermal keratinocytes and hair follicle trichocytes of
the hair-forming compartment are cell types whose char-
acteristic keratin intermediate filaments (KIF) are not only
vital as long as these cells are alive but also of fundamental
importance once they have undergone their programed su-
icide maturation pathway. In the epidermis, this scenario
leads to the formation of a protective surface layer of cor-
neocytes, the stratum corneum, in the hair follicle to the
production of hair, a unique mammalian acquisition, which,
besides generating a mechanical safeguard, provides ther-
mal insulation, sensory capacities, and camouflage (in hu-
mans these properties have been largely lost during
evolution). In both cases, the KIF fulfill their biological func-
tion in a concerted action with so-called keratin-associated
proteins (KAPs). These proteins can be divided into those
that are either associated with epithelial keratins (examples
of these are loricrin, involucrin, repetin, and the SPRR and
S100 families of proteins) or with hair keratins (for a review,
see Powell and Rogers, 1997). The hair KAPs were originally
identified as being the major part of the amorphous mass
surrounding the 10 nm hair KIF in the cortex of the hair
follicle. At present, KAP amino acid composition, protein
modeling, and recent electron microscopic observations
have led to the hypothesis that KAPs play a role in the lat-
eral linkage in/between the hair KIF, perhaps being the
‘‘glue’’ that holds the hair fiber together. In addition, more
than 30 years of hair follicle protein studies, mainly per-
formed in sheep, mouse, rabbit, but more recently, also in
humans, have shown that an amazingly large number of
KAP proteins exists. Based on their main amino acid com-
position, these proteins have been previously divided into
three categories: the high sulfur (HS) (o30 mol%), ultrahigh
sulfur (UHS) (430 mol%), and high glycine–tyrosine (HGT)-
KAPs. In recent years, extensive bioinformatic analysis has
resulted in the identification of what is probably the com-
plete number of human KAP genes (Rogers et al, 2001,
2002, 2004; Shibuya et al, 2004; Yahagi et al, 2004), which
could be subdivided into 21 KAP gene families (23 when
other species are included) (Table I). KAP genes are small
in size (approximately 1 kb), consist generally of only one
exon, and are grouped together in five domains on the hu-
man chromosomes 17q21.2, 21q22.1, 21q22.3, 11p15.5,
and 11q13.4 (Table I). Concomitant with the identification of
the 85 gene loci found on these domains, transcriptional
expression via cDNA isolation/characterization, RT-PCR
analysis, and in situ hybridization has now provided a fair-
ly clear picture about whether, and where, the majority of
KAP proteins are expressed in the hair follicle, that being
predominantly in the differentiated portions of the hair cor-
tex and cuticle, with a few KAP members showing expres-
sion either in only half of the cortex or concomitant
expression in the hair matrix region (Rogers et al, 2001,
2002, 2004; Shimomura et al, 2002a, b, 2003; Shibuya et al,
2004; Yahagi et al, 2004, see also Table I). Compared with
the extensive amount of work on human KAPs performed at
the genomic and transcriptional level, very little has been
carried out regarding the demonstration of human KAP
proteins, largely because of their small size and difficulties
associated with the generation of KAP-specific antibodies,
although a pan-antibody recognizing the KAP1 family mem-
bers exists (Shimomura et al, 2002b).
As though the KAP complexity was not high enough, in
this issue Kariya et al report on extensive size polymor-
phisms in members of the human UHS-KAP4 gene family.
This is, however, not the first report on polymorphic KAP, as
size polymorphisms have been previously noted in mem-
bers of the sheep and human HS-KAP1 families (Rogers
et al, 1994; Shimomura et al, 2002b), but also in epithelial
KAPs such as loricrin, involucrin, and in the tail domain of
keratins 1 and 10 (Djian and Green, 1992; Sprecher et al,
2001, and the references therein). Remarkably, although the
human KAP1 family comprises four highly related genes,
the seven polymorphic variants found (Shimomura et al,
2002b) (Table I) were derived from only two of them. More-
over, comparative investigations in large collectives of Cau-
casian and Japanese individuals clearly revealed specific
allelic variants for both genes nearly exclusively in the Jap-
anese population, which, in addition, seemed to be linked
together with a high frequency, thus indicating a founder
effect subsequent to the divergence of the Japanese and
Caucasian lineage. The underlying alleles arose by in-
tragenic deletion and/or duplication of sequences coding
for the highly cysteine-rich pentapeptide repeats, which are
the structural hallmarks of HS/UHS hair KAP, with most
Abbreviations: KAP, keratin-associated protein; KIF, keratin inter-
mediate filament; UHS, ultrahigh sulfur
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probably slipped strand mispairing during DNA replication
being one possible mechanism for this type of tandem re-
peat pattern polymorphism (see Discussion Kariya et al, this
issue).
In the new study, Kariya et al investigated putative tan-
dem repeat polymorphisms of the large KAP4 gene family in
both Japanese individuals and families. That allelic poly-
morphisms might exist for this family became already ev-
ident from a previous study in Caucasians in which several
KAP4 gene loci were identified on PAC clones from different
individuals who varied only in their degree of repetitiveness
(Rogers et al, 2001). At this time, it was thought that these
loci were unique entities present on the 17q21.2 domain.
The recent completion of the human genome DNA se-
quence and the re-analysis of this area by Kariya et al
showed, however, that in reality, the KAP4 gene family
comprised 11 genes, with 10 of them exhibiting extensive
size polymorphisms brought about by variations in the
number of their repeat structures. Similar to the previous
KAP1 polymorphism study, there was again strong evi-
dence for high-frequency linkage of distinct alleles.
Whereas the high number of genuine KAP genes alone is
impressive, for several reasons the evidence for an even
higher complexity of KAP gene products is at present difficult
to interpret. First, we are not aware of the full scenario of KAP
gene polymorphism. Up to now, polymorphic studies have
only been carried out in Caucasian and Japanese individuals
and were restricted to the genes of the chromosome 17q21.2
KAP1 and KAP4 families, although there is evidence from our
laboratory that genes of the UHS-KAP9 family on this domain
are also subject to tandem repeat pattern polymorphisms
(see Table I). In view of the fact that some genes of the KAP1
and KAP4 families exhibited up to three polymorphic variants
and that there are 19 further, more or less complex KAP gene
families, partly on chromosome 17 as well as on four other
chromosomal locations (Table I), all encoding KAPs rich in
repeated motifs, it might, however, be expected that the
overall number of putative KAP gene products could rise to
more than twice the number of KAP gene loci found in the
human genome, in particular, if further studies are extended
to other populations.
This said, together with the finding that, in a number of
KAP1 and KAP4 variants, about half or even more than half
of the cysteine-rich pentapeptide repeats and thus sub-
stantial amounts of the potentially intra- and interactive
cysteine residues were lost, it is remarkable that in neither of
Table I. Overview of human KAP
KAP family Category
Family
members Chromosomal location
Expression site
hair follicle (ISH)
Currently known
polymorphic variants
KAP1 (Rogers et al, 2001) HS 4 17q21.2 Upper cortex 7 (Shimomura et al, 2002b)
KAP2 (Rogers et al, 2001) HS 5 17q21.2 Upper cortex —
KAP3 (Rogers et al, 2001) HS 4 17q21.2 Upper cortex —
KAP4 (Rogers et al, 2001) UHS 11 17q21.2 Upper cortex 13 (this issue)
KAP5 (Yahagi et al, 2004) UHS 12a 11p15.5 and 11q13.4 Upper cuticle% —
KAP6 (Rogers et al, 2002) HGT 3 21q22.1 Upper cortex —
KAP7 (Rogers et al, 2002) HGT 1 21q22.1 Upper cortex —
KAP8 (Rogers et al, 2002) HGT 1 21q22.1 Matrix —
KAP9 (Rogers et al, 2001) UHS 7 17q21.2 Upper cortex #2
KAP10 (Rogers et al, 2004;
Shibuya et al, 2004)
UHS 12 21q22.3 Upper cuticle —
KAP11 (Rogers et al, 2004) HS 1 21q22.1 Matrix —
KAP12 (Rogers et al, 2004;
Shibuya et al, 2004)
UHS 4 21q22.3 Upper cuticle —
KAP13 (Rogers et al, 2004) HS 4 21q22.1 Matrix, cuticle, upper cortex —
KAP15 (Rogers et al, 2004) HS 1 21q22.1 Upper cortex —
KAP16 (Rogers et al, 2001) HS 1 17q21.2 Not found —
KAP17 (Rogers et al, 2001) UHS 1 17q21.2 Upper cuticle  —
KAP19 (Rogers et al, 2004) HGT 7 21q22.1 Upper cortex and/or cuticle —
KAP20 (Rogers et al, 2004) HGT 2 21q22.1 Upper cortex —
KAP21 (Rogers et al, 2004) HGT 2 21q22.1 Upper cortex —
KAP22 (Rogers et al, 2004) HGT 1 21q22.1 Not found —
KAP23 (Rogers et al, 2004) HS 1 21q22.1 Upper cortex and cuticle —
aA discrepancy exists between the number of KAP5 family members presented by Yahagi et al (2004) and our own unpublished evaluation of this
region. The number presented here reflects our observations. #2 cDNA sequences (hKAP9.8 and hKAP9.9) described in Rogers et al (2001), which were
not on the contig analyzed, are currently assumed as being polymorphic variants. %, KAP5 expression data (Rogers et al, in preparation).
KAP, keratin-associated protein; HS, high sulfur; UHS, ultrahigh sulfur; HGT, high glycine–tyrosine.
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the two studies were the authors able to link these mod-
ifications either to an individual or to the Caucasian or Ja-
panase hair phenotype (Shimomura et al, 2002b; Kariya
et al, 2005). On the other hand, if the disappointing alter-
native that all these polymorphisms are simply tolerated is
put aside, then it cannot be excluded that once the full
scenario of KAP polymorphisms in humans is known, dis-
tinct patterns of multiple KAP polymorphisms, most prob-
ably in concert with further players, may turn out to influence
the structure of the hair in a population-specific manner. Af-
ter all, the present inability to provide a realistic interpretation
of the phenomena of KAP polymorphisms is essentially be-
cause of our present ignorance about the way in which the
plethora of KAP interact with themselves as well as with KIF.
In addition, the underlying mechanisms are certainly not
uniform, considering that, for instance in the upper hair cu-
ticle, UHS-KAP are strongly dominant over HS- and HGT-
KAP, whereas this is the reverse in the differentiated portion
of the hair cortex (see Table I). This clearly means that in
order to better understand the molecular mechanisms gov-
erning the formation of hair and its ethnic variants, research
on KAP should deserve a privileged attention in the future.
DOI: 10.1111/j.0022-202X.2005.23728.x
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